mechanism for the inhibition of regeneration in vivo, these strategies would not be effective. Moreover, if, as I propose in this article, the collapse of growth cones in culture is actually a reflection of a mechanism that facilitates and accelerates regeneration in vivo, then such strategies might actually prevent regeneration.
The myelin inhibitory hypothesis
The original indication that central myelin inhibits axon growth came from a tissue culture assay in which it was shown that axons of cultured sympathetic or sensory neurons regenerate selectively on pieces of peripheral (sciatic) nerve, but avoid pieces of central (optic) nerve 4 . However, more recent observations show that the in vivo distribution of ligands and receptors that lead to the myelin inhibitory cascade in different fibre tracts in the central and peripheral nervous systems shows no correlation with the ability of individual tracts to regenerate [5] [6] [7] [8] . Also, the proposal that central myelin is inhibitory to axon growth does not explain why axons also fail to regenerate through grey matter, where there is no myelin. The proposal that myelin is inhibitory to axon growth sits uncomfortably with the fact that myelinated fibre tracts are a widely conserved anatomical device through which diverse types of axons travel around the adult brain and spinal cord. It is as if we were claiming that roads were inhibitory to the movement of cars, or rails to trains.
The myelin inhibitory hypothesis has been supported by reports that inhibition of specific myelin inhibitors promotes regeneration in vivo 3 . Apart from the use of antibodies, some suggested therapeutic approaches to overcome this inhibition are as extreme as immunizing animals against their own myelin 9 , a procedure that seems to be not only hazardous but counter-intuitive, as there is no evidence that patients with autoimmune demyelinating diseases, such as multiple sclerosis, can regenerate their spinal cords after injury. Attempts to show that genetic ablation of supposed myelin inhibitors will allow regeneration in adult mice have so far been inconclusive [10] [11] [12] [13] . On the other hand, several groups have reported that rapid and robust growth of both embryonic and adult axons occurs selectively along adult myelinated fibre tracts [14] [15] [16] [17] [18] (FIGS 1 and 2) and can lead to recovery of function 19 . The proponents of the myelin inhibitory theory have attempted to explain this apparent predilection of growing fibres for myelinated tracts in various ways. For example, it has been suggested that the axonal receptors for the inhibitory myelinassociated molecules might have been downregulated, or that the functional benefits are due to sprouting, not regeneration. In general, the attractiveness of a unitary molecular theory of inhibition with its apparent simplicity, and the economic promises for drug development, have been sufficient to overshadow any doubts arising from contrary observations.
At least three molecules that are associated with oligodendrocytic myelin act through a common transduction mechanism that causes collapse of axonal growth cones in culture. It is generally considered that this mechanism underlies the failure of regeneration of cut axons in the adult mammalian central nervous system. In this article, I review evidence that these important findings have revealed, not an inhibitory mechanism, but a vital repulsive contact-guidance mechanism, which is necessary for the growth of adult axons along myelinated tracts in vivo.
A recent article by Filbin 1 in this journal authoritatively reviewed the mounting evidence for a mechanism that causes axonal growth cones to collapse. In this model, at least three different molecules that are associated with oligodendrocytic myelin in the central nervous system (CNS) are linked by a common receptor mechanism to a signal transduction pathway, whose activation leads to growth cone collapse in tissue culture assays (see also REF. 2 ). The conclusion proposes that myelin-associated molecules are one of the principal causes of failure of regeneration of cut axons in the intact adult nervous system. This view has been dominant since the early work of Schwab and colleagues 3 , and has led to the exploration of several new molecular strategies to induce regeneration in the adult brain and spinal cord by abrogating the effect of these proposed inhibitory molecules. If, however, the collapse of growth cones in culture does not reflect the
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The proposal that myelin is inhibitory to axon growth sits uncomfortably with the fact that myelinated fibre tracts are a widely conserved anatomical device through which diverse types of axons travel around the adult brain and spinal cord.
environment ahead is thoroughly and repeatedly scanned. The filopodia act as sensory antennae, whose principal, if not only purpose is to signal back to the growing axon which way not to go. We might regard the exploratory movements of the filopodia as analogous to the waving of the white stick of a blind man -he does not need to use the stick for advance or to aid walking; its purpose is to detect obstacles and prevent him from going in the wrong direction. In the developing optic pathways, for example, advancing growth cones are small, bullet-like structures without filopodia; where they pause at decision points, such as the optic chiasma, the growth cones expand and develop filopodia 34 . We note a similar difference between highly branched endings of adult corticospinal axons when they are blocked by a lesion (FIG. 3a) , and the streamlined, small advancing tips of regenerating corticospinal axons when advancing through an olfactory ensheathing cell graft 27 (FIG. 3b) .
Myelin as a facilitator
An impressive accumulation of evidence 35, 36 indicates that the extraordinary accuracy with which developing axons are consistently guided to specific targets is achieved by the precise deployment of a combination of molecules, many of which can act at different times or places as both attractants and repellents to achieve an orderly pattern of growth 37 . Repulsion is at least as important an element in growth cone advance as facilitation. Axon behaviour in culture indicates that the default setting of an axon is to grow; advance is constitutive. But without the surround inhibition to provide repulsive contact guidance, the growth cones could not make the selection that is needed for them to choose their pathways.
The discovery of the repulsive molecules that are associated with the postnatal development of myelin might not have revealed a device to prevent regeneration of adult axons, but an important later developing mechanism -analogous to the repulsive guidance molecules present in early development -that confronted with an astroglial scar from which, as electron microscopy shows, all traces of oligodendrocytes and myelin have been removed completely.
What then is the explanation of the apparent paradox that myelin-associated molecules cause growth cone collapse in culture? As pointed out by Fawcett 32 , the tissue cultures that have been used to study this phenomenon are two-dimensional, and the simple confrontation of axons with myelin in culture does not reflect the complex arrangements in vivo. The main requirement for axon growth in vivo is that a growth cone elongates along a pathway. A parallel requirement is that it does not turn out of the tract and does not stop growing until it reaches its destination. When it reaches its destination, the axon leaves the tract and invades the target neuropil where it branches, usually profusely, to make terminal synaptic contacts. Branching is associated with the cessation of elongation 33 , and conversely, elongation is associated with the absence of branching. Inhibition of branching is an essential element in the assembly of long-distance connections in the growing CNS.
Perhaps the growth cone collapse that is observed when a front of axons extending across a tissue culture dish is faced with a homogeneous environment of myelinassociated molecules is an expression of the inhibition of branching that is needed for growth cone elongation in vivo. The effect of inhibition of branching in vivo might be to force the axons to continue, rather than to stop them. One might call this the 'skating rink' effect -the less the attraction between the skates and the ice, the faster and easier is the movement. A similar effect is exploited by high-speed trains that float over the rails, or hovercraft that glide on water.
The advance of a growing axon depends on its adhesive reaction to a positive and sustaining substrate. But the advancing tip of the axon is preceded by intense filopodial exploration. A single growth cone might produce a vast number of filopodia, which are intensely motile. By this means, the entire
What are the alternatives?
If myelin is not the cause of the disastrous failure of regeneration after brain and spinal cord injury, what is? After injury, adult axons sprout vigorously in the lesion area 20 (FIG. 3a) , but the sprouts remain restricted to the lesion site and cannot advance to their targets to restore functional connections. So, the idea that the failure of regeneration is due to something that prevents the advance of axon sprouts is attractive. However, it seems increasingly likely that this prevention of growth is associated not with oligodendrocytes and central myelin, but with reactive astrocytes [21] [22] [23] . Astrocytes are present throughout the CNS -not only in grey matter, but also as an essential and universal structural feature of white matter tracts 24 (FIG. 4a,b and Y. Li et al., unpublished data) . In all sites, including the dorsal root entry zone (REF. 25 and Y. Li et al., unpublished data), they react sensitively to direct damage (FIG. 4c) or to the presence of axons degenerating as a result of a distant lesion. Prevention of axon advance by reactive astrocytes could therefore explain why regeneration fails in both grey and white matter. This might also explain the observations of structural and functional regeneration after transplantation of embryonic tissue 26 or olfactory ensheathing cells, as these grafts can prevent or 'open up' astrocytic scars and form bridges across lesions 27 . In contrast to the hypertrophic response of astrocytes to injury, oligodendrocytes are highly vulnerable 28 , and they respond to injury by rapid cell death 29, 30 . Electron microscopy shows that dying oligodendrocytes and their associated myelin are promptly sequestered by phagocytic microglia and are removed, so they could not form a barrier to regeneration along denervated tracts. Our own analysis of axon growth through transplants of olfactory ensheathing cells in the severed optic nerve 31 shows that regeneration fails when axons are grow in adult myelinated tracts, they are dispersed rather than clustered (FIGS 1 and 2, and Y. Li et al., unpublished observations). The effect and purpose of the inhibitory molecules on the myelin sheaths is to constrain forward axon growth to the myelinated fibre tracts in the adult brain and spinal cord. Without them, axon elongation would be impossible. If this is true, inhibition of the myelin inhibitors will not enhance regeneration but prevent it.
The idea that myelin is actually facilitatory, and is probably essential for long-distance axonal growth in tracts is indicated by recent observations that axons can regenerate along partially denervated dorsal columns, in which a large proportion of the oligodendrocytes and their associated myelinated fibres are still present (REF. 50 and Y. Li et al., unpublished observations). However, if the dorsal columns are completely denervated, they become impenetrable to axons attempting to regenerate along them 50 . This is comparable to our findings of the failure of regeneration in the completely denervated optic nerve 31 . It implies that in a partially denervated tract, the surviving myelinated fibres are necessary to maintain the astroglial skeleton and to give direction to the regeneration by providing the channels lined by repulsive contact guidance, which are required for elongation of the regenerating axons along the aligned astrocytic tract processes. In the total absence of any myelinated fibres, the reactive astrocytes of the denervated tract simply condense down to form a dense and impenetrable glial scar (FIG. 4c) , thereby eliminating all channels along which axons might grow.
From a therapeutic point of view, is there any way that inhibiting the myelin-associated repulsive mechanism might be beneficial? One possibility is that removing the mechanism that enables axons to grow down myelinated fibre tracts rapidly, efficiently and without branching (the so-called 'guard-rail' function 38, 39 ). According to this view, evolution did not put the repulsive molecules there to prevent growth, but rather to guide and facilitate it.
The failure of axonal regeneration that occurs in the early postnatal period has been ascribed to the onset of myelination 40 . There are, however, other possibilities, such as an age change in the inherent regenerative capacity of axons 41, 42 and the maturation of astrocytic reactivity [43] [44] [45] . An obvious adaptive advantage of myelin is the acceleration of axonal excitation by saltatory conduction, which enables information to span the increasing distances of the adult central and peripheral nervous system without increasing the transmission time. But myelination might carry another advantage: if later developing axons are to follow the course of previously myelinated tracts (as occurs in the postnatal development of the corticospinal tracts 46 ) the repulsive guidance channelling mechanism could serve to accelerate their growth over the longer distances that they have to cover as the brain and spinal cord become larger.
Growth promotion in adult fibre tracts.
To understand how molecules function in the intact nervous system, it is necessary to take into account the detailed microstructure of the cellular environment in which the molecules are deployed. According to a view clearly enunciated by Crutcher, the reason for the difference between the effect of myelin inhibition in vitro and the situation in vivo is one of geometrical organization -"white matter supports parallel growth but inhibits nonparallel growth" [47] [48] [49] . In vitro, when the filopodia of a growth cone are faced with a mass of myelin molecules, there is no way through; the molecular mass is continuous, and the only choice for the growth cone is to collapse and/or to turn back or away. But when a growth cone is faced with a myelinated fibre tract in vivo, this is a structured environment, and the repulsive molecules are not diffusely scattered but are firmly anchored in the myelin sheaths. There is a way between the axons, however narrow.
One addition to Crutcher's model is the observation that in a tract that has not been subjected to direct damage, the way between these channels consists of fine longitudinal astrocytic processes 20, 24 (FIG. 4a,b) . As the growing axon advances, it follows these longitudinal astrocytic processes, which guide it through the narrow channel, flanked on all sides by myelinated fibres that are bristling with repulsive molecules. The guidance mechanism provided by this massive surround of repulsion excludes all but forward motion, and is a necessary condition for the growth cone to advance. The value of such a mechanism is clear -it would confine growth to the straight and narrow trajectory between the existing myelinated axons. The growing axons must follow this narrow trajectory to reach their distant destination. In this way, the existing myelinated axons act as a guide for later growing axons in development and for regenerating axons in the adult.
The need to find and grow along the narrow astrocytic channels between existing myelinated axons explains why, when axons NATURE REVIEWS | NEUROSCIENCE VOLUME In this article, I have assembled some data for an alternative view (FIG. 5) . First, as clearly enunciated by Aguayo 52 , several different categories of adult central axons (although not necessarily all 53 ) retain an intrinsic power of growth, which they can express when provided with appropriate environmental stimuli, such as peripheral nerve or olfactory ensheathing cell grafts. Second, axons require an adhesive and supporting substrate on which to grow, and this is provided by the astrocytic processes that are present in white and grey matter. Third, the failure of regeneration in myelinated fibre tracts is due to a combination of molecular and configurational changes in the astrocytic pathways 14, 54, 55 . Last, the purpose of the so-called inhibitory molecules that are associated with CNS myelin is to direct and facilitate long-distance growth of axons along myelinated tracts.
constrains axons to tracts could allow the surviving proximal segments of cut axons to express their innate growth potential and 'escape' from the tracts by branching and sending sprouts out into the neuropil 51 . These sprouts could then make short-range adventitious synaptic connections, which would allow functionally significant neural information to by-pass the lesion site and travel through multisynaptic relays to distant denervated sites and thereby ameliorate functional deficits. Inevitably, such sprouted pathways are abnormal, and in that sense, regeneration of the cut fibres along their original pathways would seem to be the reparative method of choice, as it holds out the possibility of restoring more normal patterns of connection. But the two approaches are not exclusive. Sprouting that is induced by temporary blockade of myelin-associated repulsive molecules, if carried out before or after measures to bring about regeneration of cut axons, could provide functionally valuable additions to the connections that are established by true regeneration.
Conclusions
The myelin inhibitory molecule theory 1 , initially based on the myelin-associated inhibitor Nogo, is now expanding to include other supposed myelin inhibitory molecules, such as Mag (myelin-associated glycoprotein) and Omgp (oligodendrocyte-myelin glycoprotein). On the basis of the prevailing dominance of the theory that inhibitory molecules prevent axon growth in white matter, it is becoming fashionable to postulate a parallel series of astrocyte-associated inhibitory molecules that prevent growth in grey matter 23 . The CNS is becoming conceived as a massive mountain of inhibition, quite at odds with the requirements of functional plasticity that is the fundamental basis of its adaptive advantage. Figure 5 | Summary of the proposed mechanism for regulation of axon growth. a | In undamaged tracts, the growing tip of the axon (green) adheres to (+) and follows the direction of the underlying longitudinal astrocytic process (Astro). Its forward advance is kept on track and accelerated by the inhibition of side branching (red arrows) that is caused by contact with repellent molecules (-) on the surface of the surrounding myelinated axons. b | In the region of a lesion, oligodendrocytes and myelin are removed, but the proliferation of a meshwork of reactive astrocytic processes confronts the growing axon tips with an impenetrable tangle. The reason for the difference in the two situations is that the spatial organization of the membranes presenting the facilitatory (astrocytic) and inhibitory (oligodendrocytic) molecules to the axon tips is altered. 
